In order to improve Hall thruster's lifetime performance, A new lifetime evaluation method, lifetime estimation using multilayered coated chips was developed for channel wall erosion rate distribution measurement. This method uses small chips coated with alternate channel wall material and marker. By detecting the marker emission as a signal of erosion progress, this method enables direct and rapid erosion rate distribution measurements. In this study, the capability of this new method for erosion rate distribution measurement was tested and validated. Multilayer coated chips of two kinds using different marker metals were embedded into the acceleration channel wall. The channel-wall erosion rate distribution was then measured. The measured erosion rates were, respectively, 0.90 nm/s and 0.75 nm/s at 2 mm and 4 mm upstream from the channel exit.
Nomenclature

S
: sputter yield against Xe + N : Xe + beam flux, mol/(m 2 s) M : atomic weight, kg/mol : density, kg/m 3 v : erosion rate, m/s Subscripts i : ion t : target
Introduction
A Hall thruster is a promising electric propulsion system because of its high specific impulse and thrust efficiency 1) . Like other electric propulsion systems, an important Hall thruster performance criterion is its lifetime because typical missions require continuous operation for up to 10,000 hr 2) .
The Hall thruster lifetime is determined by erosion of the acceleration channel wall by ion sputtering. To improve the Hall thruster lifetime performance, development of lifetime estimation methods is necessary. Among the various proposed erosion rate measurement methods 3), 4) , lifetime estimation using multilayer coated chips is a useful one because of its short measurement time and capability of erosion-rate distribution measurement. In our previous study, we conducted erosion rate measurement at the channel exit 5) . In this study, this new method was developed further for spatial distribution measurement.
The Hall thruster's channel-wall erosion rate depends strongly on the axial position 6) . To evaluate the lifetime performance of a Hall thruster precisely, and to validate the results of numerical simulation, it is necessary to measure the spatial distribution of the channel wall erosion rate. For this purpose, lifetime estimation using multilayer coated chips is useful because of its high spatial resolution. Therefore, the objective of this study is to conduct erosion rate distribution measurements using this new method.
Multilayer coated chips of two kinds with different marker metals were embedded into the Hall thruster channel wall. Then the emission signals of both marker metals were observed simultaneously. Results show that the erosion rate distribution was measured successfully. Figure 1 presents a schematic of the lifetime estimation method using multilayer coated chips. A multilayer coated chip is embedded into the Hall thruster channel-wall. The multilayer film on the chip comprises alternate thin metal layers and thick ceramic layers. The thin metal layers are used as markers to detect the erosion rate of ceramic layers, whereas the thick ceramic layers represent the ceramic channel wall. When the Hall thruster operates, ion sputtering erodes the embedded chip and the surrounding channel wall. The emission of marker metal sputtered out from the thin metal layers is observed using emission spectroscopy. The spectrometer will detect the eroded marker metal as emission peaks. The channel wall erosion rate is therefore calculable from the intervals of periodic peaks of emission signals.
Experiment
Principle of the measurement method
Erosion rate measurements can be done much more quickly using this method, in less than half an hour. Furthermore, the emission intensity fluctuation has no influence on accuracy, which is an important advantage over other real time erosion rate measurement methods. Moreover, this method has high spatial resolution because of the small multilayer coated chips. Figure 4 shows the 500 W class magnetic layer type Hall thruster developed at The University of Tokyo. The inner and outer diameters of the acceleration channel are, respectively, 22 mm and 30 mm. The channel length is 14-mm long and the wall material is boron nitride (BN). The operation conditions are presented in Table 3 .
Hall thruster
Multilayer coated chips were lined up in the axial direction. The Ag and Cu chips were set respectively 2 mm and 4 mm upstream of the thruster exit on the outer acceleration channel-wall. The presence of multilayer coated chips did not affect the Hall thruster operation. The operation parameters of the Hall thruster were identical, irrespective of whether the chips were embedded or not. Figure 5 shows the optical system. The collection optics was focused on the channel exit plane, where the chips were lined up. The emission history of Ag I (328 nm) and Cu I (324.8 nm) were measured simultaneously using the same spectrometer. Table 4 shows the spectrometer measurement setting. The dead time of the spectrometer was negligible. Figure 6 shows the emission history of marker metals Ag (328 nm) and Cu (324.8 nm). Peaks of emission signal of both marker metals were observed. Three peaks of emission signals for Ag and one for Cu were detected.
Optical system
Results and Discussion
The first peak and second peak of Ag are very close, which presumably results from the unstable ignition of the Hall thruster, which caused a very high erosion rate 7) . The Hall thruster operation was stable after the second peak of Ag was observed. The interval of second and third emission peak of Ag was 190 s; the BN erosion rate calculated from the interval was 0.90 nm/s, which is a reasonable value compared with that of SPT-100 6) . The first peak of Cu is delayed because the chip was embedded too deeply into the channel wall. Because of the malfunction of the Hall thruster, the observation was stopped before the second and third peaks of Cu emission were to be observed. Second and third emission peaks would have been observed with longer operation.
The emission history of Cu was observed separately afterward under identical experimental conditions. The result is shown in Fig. 7 . Two emission peaks of Cu atoms were observed. The second emission peak was dull. Therefore, the peak center was determined using Gauss fitting. The erosion rate calculated from the interval of two peaks was 0.75 nm/s. The third marker layer's emission peak could not be observed. Presumably, the third peak was too collapsed to be detectable.
The emission peaks of Ag and Cu were observed simultaneously; the erosion rates at two different places at the channel wall were measured. The calculated erosion rate was faster at the place nearer the channel exit. This tendency is reasonable compared with measurements conducted through a long time of operation 6) .
Conclusion
This study confirmed that the multilayer coating method can provide an erosion rate distribution measurement.
Multilayer coated chips of two kinds using Cu and Ag as marker metals were embedded into a Hall thruster acceleration channel. The emission histories of both marker metals were observed simultaneously. The peak emission signals of the respective marker metals were observed. The erosion rates calculated from intervals of emission peaks were, respectively, 0.90 nm/s and 0.75 nm/s at 2 mm and 4 mm upstream from the channel exit. The measured erosion rate distribution was reasonable.
